Background
B lymphocytes are central to the pathogenesis of autoimmune diseases by production of autoantibodies and pro-inflammatory cytokines. B cells are also crucial to the maintenance of a proper immune defense by antigen presentation and generation of protective antibodies. B cell targeting with rituximab (RTX) depletes all CD20-carrying B cell subpopulations but does not affect bone marrow B cell precursors and antibody-producing plasma cells as these cells are devoid of surface CD20 expression. Replenishment of the peripheral B cell compartment arising from RTX-resistant early B cell precursors and persistent production of protecting antibodies by long-lived plasma cells make RTX a relatively safe treatment. Indeed, it has been reported that B cell repopulation starts with transitional B cells 6 to 9 months after RTX treatment in patients with rheumatoid arthritis (RA) [1] and most studies do not describe a clinically relevant decrease in immunoglobulin concentrations [2] [3] [4] [5] . In connective tissue diseases (CTD) B cell proliferation and immunoglobulin production are often increased and a rapid repopulation after RTX treatment has been reported [6] . Rituximab is approved for the treatment of RA and recently for induction therapy of ANCA-associated vasculitides (AAV). As AAV are frequently relapsing diseases and maintenance treatment is challenging, repeated RTX infusions are increasingly used as maintenance treatment [7] . Importantly, in AAV the widely used 6-monthly RTX-infusion intervals are based on data obtained in RA patients, but without clinical studies supporting this schedule in AAV. We observed a clinically relevant decline in serum immunoglobulin concentrations in AAV patients treated with RTX [8] indicating a less robust B cell compartment in AAV and monitoring of immunoglobulins is now part of the EULAR guidelines for RTX-treated AAV [9] . Furthermore, we recently described that in some AAV patients B cell repopulation can be delayed or completely absent even years after RTX treatment [10] . Here, we compare kinetics of B cell repopulation after RTX treatment in AAV, RA, and connective tissue diseases. Our results have implications on the design of RTXretreatment schedules in AAV and other autoimmune diseases.
Methods
The study is a single-center retrospective analysis of patients attending the Department of Rheumatology and Clinical Immunology at the University Medical Center Freiburg. Inclusion criteria to the study were: RTX treatment and a follow-up of at least 12 months. All patients of AAV, RA, and CTD patient cohorts at the University Medical Center Freiburg were screened and included into the study if they met the inclusion criteria. One hundred twenty patients were enrolled and monitored 3-monthly. Sixty-six patients had a diagnosis of AAV with 55 patients classified as granulomatosis with polyangiitis (GPA) or microscopic polyangiitis (MPA) and 11 patients classified as eosinophilic granulomatosis with polyangiitis (EGPA) according to current criteria [11, 12] . Patients were compared to 35 RA and 19 CTD patients. Peripheral B cell counts were measured using a whole blood staining by flow cytometry with a FACS Canto II (BD Biosciences, San Jose, CA, USA) and PE-Cy7-conjugated anti-CD19 (clone: J3.119; Beckman Coulter, Brea, CA, USA). Results were expressed both as absolute cell counts and relative percentages. 
Results
Patients' characteristics are summarized in Table 1 . Cumulative doses of prior cyclophosphamide (CYC) treatment were higher in patients with AAV or CTD than in RA patients, but not different between patients with AAV and CTD. The percentage of patients that were treated with a concomitant immunosuppressive therapy in addition to RTX was not different between the groups. While GPA and EGPA patients were treated with higher glucocorticoid dosage before RTX administration compared to RA patients, there was no difference in glucocorticoid dosage between GPA/EGPA and CTD patients, and RA and CTD patients. Furthermore, 6 months after rituximab treatment, mean glucocorticoid dosage was below 10 mg/d for all patient groups 
2 × 1000 mg, n (%) 41 (75) 11 (100) 27 (77) 15 (79) 4 × 375 mg/m 2 , n (%) All patients with RA or CTD showed a B cell repopulation within the total observation period compared to only 33 AAV patients (50%) (p < 0.0001). B cell repopulation within the first 12 months after RTX therapy was observed in 93% of RA patients and 88% of CTD patients compared to only 10% in GPA and 0% in EGPA patients (p < 0.0001) (Fig. 1a) . B cell repopulation was not only delayed but also incomplete in most AAV patients compared to patients with RA or CTD. Only five AAV patients (7.5%) reached normal B cell numbers at a median of 17 months (IQR 14-20) after RTX (data not shown). Regarding the kinetics of B cell repopulation the median time of persistent depletion was 26 months in GPA/MPA and 21 months in EGPA compared to 9 months in RA and 8 months in CTD (p < 0.0001) (Fig. 1b) . After a first single RTX treatment consisting either of four infusions in weekly intervals or two infusions of 1 g within 2 weeks, B cell depletion persisted for more than 24 months in 25 AAV patients (38%) (mean time of depletion 44 months +3.668 SEM). In the longest available follow-up, persisting B cell depletion after one RTX treatment cycle was observed for more than 5 years in six AAV patients and in one patient for even 8 years after RTX. No correlation was found between CYC sum dose and time of B cell depletion in AAV patients (r = 0.08864, p = 0.5199). In four (36%) of the 11 AAV patients without any CYC treatment B cell depletion time was severely prolonged with a range from 17 to 62 months. As mentioned, the percentage of patients that were treated with a concomitant immunosuppressive therapy was not different between the groups, but before and after administration of RTX azathioprine (AZA) and methotrexate (MTX) were the most commonly used immunosuppressive drugs in GPA and EGPA, while it was azathioprine (AZA) and mycophenolate (MMF) in CTD, and MTX, sulfasalazine (SSZ) and leflunomide (LEF) in RA. Neither maintenance therapy with MTX, nor with MMF, SSZ, or LEF prolonged the time of B cell depletion in the different patient groups. Furthermore, cumulative MTX, LEF, and MMF dosages after RTX were not different between the patient groups ( Table 1) . B cell depletion was significantly longer in AAV patients treated with AZA (21 months, IQR 13.5-64.25) as concomitant therapy compared to those treated with other immunosuppressants (15.5 months, IQR 11-26.75) (p = 0.0485). Interestingly, in CTD patients the use of AZA did not increase the time of B cell depletion. Furthermore, the cumulative AZA dosage after RTX was not different between AAV and CTD patients.
Forty-four patients with GPA/MPA and eight patients with EGPA received a second course of RTX because of relapse or as maintenance therapy. In AAV patients that required retreatment with RTX the latency between first and second RTX administration was 25 months (mean; ± 2.8 months). There was no difference in time to repopulation between the first and the second RTX cycle (Fig. 1c) . Immunoglobulin production was affected by RTX treatment with a significant decline in immunoglobulin (Ig)G, IgA and IgM serum concentrations in GPA/MPA patients, but not in patients with RA or CTD (Fig. 2a and c) . Hypogammaglobulinemia with IgG below the normal limit was significantly more frequent in GPA/MPA and EGPA compared to RA and CTD (Fig. 2b and d) . Seven patients (10.6%) with AAV required immunoglobulin replacement therapy at least once during follow-up. GPA/MPA patients with a long-lasting B cell depletion (>24 months) were more likely to develop hypogammaglobulinemia than GPA/MPA patients with B cell depletion time of up to 12 months (30% vs. 0%, p < 0.0001).
Discussion
B cell depletion is effective in many autoimmune diseases. When B cell-targeted therapy is discontinued the effect wears off [13, 14] and therefore 6-monthly retreatment schedules are common clinical practice. B cell repopulation kinetics are of crucial importance for the design of rituximab re-treatment schedules, but have to date not been systematically compared in different autoimmune diseases. Our study demonstrates for the first time the highly divergent B cell repopulation kinetics in ANCA-associated vasculitides compared to rheumatoid arthritis and connective tissue diseases. Based on data in RA patients [1] a timely start of B cell repopulation is expected within the first 9 to 12 months after RTX treatment. We observed a starting B cell repopulation within the first year after RTX therapy in 93% of RA patients and 88% of the CTD patients compared to only 10% in GPA/MPA and 0% in EGPA. While all in all data on repopulation kinetics after administration of RTX are scarce in patients with autoimmune disease, some studies reported on patients with prolonged B cell depletion, but the frequency of these patients was low [15, 16, 13, 17] . A publication by Jones et al. [13] reported a repopulation of peripheral B cells 11 months after RTX treatment in only about 50% of the patients. Unfortunately, the lack of a consensus for the definition of depletion and especially repopulation complicates the interpretation of the existing data. A further confounder regarding B cell repopulation after RTX are different concomitant or prior immunosuppressive therapies in the patients groups. CYC can effectively deplete B cells, but we found no correlation between CYC sum dose and the time of B cell depletion. Furthermore, a severely prolonged B cell depletion was also observed in AAV patients never treated with CYC before. B cell numbers after RTX treatment were assessed in a large, randomized trial of RTX in RA patients. In this study patients were treated with RTX as monotherapy or in combination with MTX or cyclophosphamide. A small subset of patients in this study showed a prolonged B a b c Fig. 1 B cell repopulation and time of B cell depletion after rituximab. B cell repopulation within the time period of 12 months was detectable in approximately 90% of the patients with RA or CTD but in less than 10% of the AAV patients (a). Median time of B cell depletion after RTX was significantly prolonged in patients with GPA and MPA or EGPA compared to patients with RA or CTD (b). After a second RTX course B cell depletion time and repopulation kinetics were similar compared to the first RTX treatment course in AAV patients (c). Abbreviations: AAV ANCAassociated vasculitides, CTD connective tissue disease, EGPA eosinophilic granulomatosis with polyangiitis, GPA granulomatosis with polyangiitis, MPA microscopic polyangiitis, n.s. not significant, RA rheumatoid arthritis, RTX rituximab cell depletion at week 104. Of interest, patients with a prolonged B cell depletion were either treated with RTX monotherapy of RTX/MTX but not RTX/CYC [18] . We found no hints that concomitant immunosuppressive therapy with MTX, MMF, and glucocorticoids affected the time to repopulation in our patients. Interestingly, in AZA-treated patients time to repopulation was prolonged in AAV patients, but not in patients with CTD (while the cumulative AZA dosage after RTX was not different between AAV and CTD patients). Different studies have shown a profound effect of azathioprine on the lymphoid cell lineage [19, 20] . Azathioprine is known for potential myelotoxicity, and variabilities in inter-individual or interdiseases thiopurine metabolism may influence myelotoxicity. Thiopurine methyltransferase (TPMT), inosine triphosphate pyrophosphatase (ITPA), or NUDT15 gene variants may influence the effect of AZA on B cell precursor cells in the bone marrow of AAV patients [21] . As AZA prolonged B cell depletion time only in AAV patients but not in patients with CTD, it is unlikely that AZA-related myelotoxicity is a general mechanism leading to prolonged B cell depletion time. Furthermore, even among the AAV patients, there were patients with longterm B cell depletion that never received AZA. Therefore, AZA is probably a contributing factor slowing B cell repopulation down, but very likely not the main reason for the long-term B cell depletion in AAV patients. As the patients of this study were from a single center in southern Germany and of predominantly Caucasian origin, a specific genetic background leading to alterations in stromal cells or B cell progenitors that are unmasked by B cell depletion are potential reasons for our observation of a prolonged B cell depletion in AAV. The prolonged B cell depletion time in AAV is of clinical importance as the frequency of newly developed hypogammaglobulinemia -even after only one course of RTX treatment -was significantly higher in AAV patients compared to patients with RA or CTD. Thus, especially in AAV serum Ig concentrations should be monitored closely during follow-up. Our data suggest, that the influence of rituximab on the B cell compartment differs greatly between AAV and other autoimmune diseases. This has to be taken into account when designing RTX re-treatment schedules. 
